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Tala  is  a  report  on  the  results  of  an  experimental 
study  of  the  Interaction  of  waves  In  waveguide  systems  with 
long  electron  flows.  Tha  experiments  wore  carried  out  In  the 
centimeter  and  decimeter  wavelength  ranges  with  a  free-drlft 
eleo.tron  flow  (nonlinear  spaoo  charge  wave  Interaction)  and 
an  electron  bean  associated  with  a  retarding  syetea  (non¬ 
linear  Interaction  of  spaoe  charge  waves  with  retarding  sys¬ 
tem  field).  Special  attention  was  devoted  to  the  study  of 
factors  determining  the  effectiveness  of  parametric  regenera¬ 
tion  running  waves  of  a  small  signal  by  the  energy  of  intensive 
injection  running  waves;  the  ratio  of  signal  and  Injection 
frequencies  varied  over  wide  Halts.  It  has  been  established 
that  in  systems  of  this  typs,  as  a  rule  one  has  to  deal  with 
a  considerable  number  of  combination  frequencies  which  sub¬ 
stantially  affect  the  course  of  nonlinear  and  parametria  pro¬ 


cesses 


Of  increasing  Interest  at  present  Is  the  study  of  the 
propagation  and  Interaction  of  waves  in  nonlinear  waveguide 
systems.  Studies  of  phenomena  In  such  systems  art  desoribed 
in  a  number  of  theoretical  papers  (see  refs  1-4,  10,  15)  whose 
results  point  to  the  possibility  or  obtaining  various  nonlinear 
effects.  The  character  of  the  latter  depends  on  the  form  of  the 
nonlinearity  (active  or  reaotlve  nonlinearity)  and  the  disper¬ 
sive  properties  of  the  system.  Of  practical  Interest  are  non¬ 
linear  phenomena  In  etron-dlsperslon  waveguide  systems  where 
a  finite  rumhe?  of  waves  nan  Interact  effectively.  Hers  one  ean 
obtain  a  number  of  oraotloally  Interesting  applications  (para- 
metrlo  amplification,  wlde-band  frequency  transformation,  modu¬ 
lation,  amplitude  limiting,  eto.). 
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The  experimental  study  of  this  oomplex  of  questions 
and  the  creation  of  the  oorreapon4i.il*  radio  electronic  devices 
at  the  present  can  be  carried  out  with  waveguide  systems  uaing 
the  nonlinear  properties  of  a  solid  (waveguide  systems  with 
reactive  semiconductor  nonlinearity  (ref  3)  or  ferrites  (ref  4) 
or  waveguide  systems  employing  the  nonlinear  properties  of 
electron  beams  (ref  6)  or  gas  discharge  plasma  (ref  5). 

It,  should  he  noted  tnut  despite  the  considerable 
progress  aohleved  in  recent  years  in  the  development  of  non¬ 
linear  solid-state  reactances,  the  possibilities  of  using  the 
latter  in  wave  systems,  especially  in  th®  uhf  (ultra-high- 
frequency)  range,  where  the  indicated  phenomena  are  of  the 
greatest  interest,  are  limitod.  In  present  practice  it  is 
possible  to  create  only  filter-type  systems  containing  nonllnee 
elements  with  concentrated  constants,  Cn  the  other  hand,  using 
the  nonlinear  properties  of  electron  flovs.  It  is  possible  to 
obtan  purely  distributed  nonlinear  waveguide  system  with 
widely  varying  characteristics . 

The  subject  of  the  present  study  are  the  results  of 
an  experimental  study  of  nonlinear  wave  interaction  and  espe¬ 
cially  the  phenomena  of  parametric  regeneration  in  waveguide 
systems  with  long  electron  flows  employing  the  longitudinal 
interaction  of  electrons  with  high-frequency  fields.  To  our 
knowledge,  the  experimental  study  of  e$ich  systems  1*  desorlbed 
only  in  ref  6  which  deals  with  the  interaction  of  waves  in  a 
free-drift  eleotron  flow  and  does  not  consider  a  number  of 
important  questions  (combination  frequency  spectrum  arising 
during  interaction  [see  note],  the  bandwidth  of  the  parametrio 
regeneration  mechanism,  nonlinear  effects,  etc.),  ([i.'ote:] 
as  far  as  v?  know,  tbe  first  one  to  point  out  the  fundamental 
role  of  higher  conb.tnat.ioxi  frequencies  arising  in  the  process  e 
parametric  interaction  was  :u3.  Taper  (ref  11)). 

.’Hve^uide  systems  with  long  electron  flows  can  be  ccn- 
a true ted  in  two  ways:  with  an  electron  flow  drifting  freely 
inside  a  cen-iuetlag  oylinder  (drift  tube)  and  a  system  in  which 
the  electron  f.low  is  oenneeted  with  »  retarding  .line  (e.g.,  ?. 
e^ir-ri).  Cn  hath  variants,  nonlinear  effects  can  be  produced 
upon  t'rib  iniroiuotion  into  the  system  of  a  powerful  injection 
wave  ht  a  result  of  the  nonlinearity  of  the  electron  flow.  If 
ve  ?.rn  Interested  in  parametric  regeneration,  the  possible 
tyy«r  of  injection  and  signal  waves  in  the  indicated  systems 
can  be  summarised  in  a  table. 


Injection  '.-'tva 

Signal  V.'ave 

1,  Cn  election  beam  space 

Cn  electron  beam  sew 

charge  waves  (ecv) 

2.  Cn  elec  ton  beam  sev 

In  retarding  system 

3.  In  retarding  aycrem 

On  electron  beam  sow 

It  is  r.eoesoary  to  note  an  important  difference  of 
system  1  from  systems  2,  3  (*gs  table).  In  system  1  nonlinear 
effeote  are  determined  ooxalyby  the  nonlinearity  of  the  eleo¬ 
tron  teem.  The  latter  can  ba  regarded  a3  a  reactive  nonlinearii 
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inasmuch  *•  the  Intensity  of  the  electron  flow  In  the  prooess 
of  interaction  remains  unchanged;  the  Injection  and  signal 
voltages  are  given  as  boundary  conditions  at  the  Input  of  the 
Interaction  spaoe.  In  systems  2.  3  the  nonlinearity  is  of  a 
more  complex  oharaoter  (a  oertaln  role  nay  also  be  played  by 
effects  associated  with  the  transfer  of  electron  energy  to 
high-frequency  fields),  while  the  injection  and  signal  voltagss 
da  tannine  not  only  the  boundarj?-  conditions,  but  also  the  outer 
forces  distributed  along  the  system, 

?h«  present  study  considers  the  results  of  an  experi¬ 
mental  investigation  of  systems  1  and  2, 

#1 .  £g^rlmfl_ntal  Apparatus  t  Results  of_  3*per latent 

2,1 ,  Tlan  of  Experiment 

In  rtccordanee  with  the  foregoing,  the  experimental  eatu; 
envisaged  the  study  of  phenomena  in  the  interaction  of  waves 
both  k  a  free  electron  flow  and  in  flow  associated  with  a  re¬ 
tarding  system.  It  was  deemed  advisable  to  carry  out  the  measure 
ment3  over  a  wide  interval  of  variation  of  injection  and  signal 
frequencies,  power  levels,  and  system  parameters.  Considerable 
attention  van  cevetsd  to  the  study  of  the  spectrum  of  combinatl) 
frsquerolea  .arising  in  the  wu/e  guide  system  under  investigation. 

<ne  axparliuental  study  of  the  indicated  phenomena  was 
carried  out  or  the  equipment  shown  in  Fig  1  .  The  object  of  in¬ 
vestigation  consisted  in  electron-waves  in  the  form  of  running- 
wave  tube?  with  two  (fig  1  ,a)  or  three  spirals.  In  the 

latter  case,  a  free  electron  drift  section  was  included  between 
the  oeooad  and  third  spirals  (Fig  1 ,t).  The  first  spiral  in  hot1 
case*  was  used  for  the  modulation  of  the  electron  flow  at  the 
injection  frequency  fa.  ;  the  signal  of  frequency  f_  was  intro- 

v  • 

duce-1  ar.d  taken  off  either  through  the  seoond  spiral  (Fig  1  ,a) 
or  the  second  and  third  spirals  in  the  study  of  phenomena  in  s 
free-drlft  electron  flow  ’Fig  1,b). 


Figure  1  •  Block  diagram  of 
experimental  setup, 
a  —  RWT  with  two  spirals; 
b  —  RWT  with  three  spirals 
and  electron  drift  section. 

A  s  Drift;  B  a  RWT  power  supp. 
C  a  Injection  generator;  D  a 
Signal  generator;  E  =  ffi  flltt 

F  a  Spectrum  analyzer;  G  a  F; 
n  =.  Oscillograph;  I  a  Superhe 

receiver. 
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Indication  of  the  signal  and  combination  frequencies  was 
carried  out  with  the  aid  of  a  superheterodyne  reoeiver  and  spect¬ 
ral  analyzers  of  the  corresponding  range;  measures  were  also  in¬ 
corporated  for  the  filtering  of  injection  power  at  the  indicator 
input.  The  systems  were  studied  in  the  oentimeter  and  decimeter 
wavelength  ranges,  'the  input*  and  outputs  of  the  experimental 
systems,"  depending  on  the  range  were  either  of  the  waveguide  or 
coaxial  type;  lr  the  latter  case  it  wa*  possible  to  study  the 
frequency  characteristics  of  systems, 

2.2.  xarametric  .’ave  Regeneration  in  Free-Irift  Rleetron  Flow 

The  study  of  paraaetrio  regeneration  lr.  a  fras-drlft 
electron  flow  was  first  carried  out  with  a  two-fold  ratio  of 
signal  and  injection  frequencies 


i.e.,  near  the  so-called  degenerate  regime  of  the  basio  para- 
Detrio  resonance ,  It  was  discovered  that  in- the  eyperlmental 
systems  there  arose,  in  particular,  waves  wit.:'  a  differential 
frequency  f  *  f..  -  f  and  the  additive  frequencies 

Ti  -  -  O  - 


ae  well  as  a  wave  with  a  frequency  cf  the  injection  harmonic 
2fv  ,  Combination-frequency  waves  of  a  higher  order  were  not 

registered. 

As  was  shown  in  the  experiment,  the  character  of  inter¬ 
action  of  the  apace -charge  waves  in  a  Xree-drift  electron  field 
depends  to  a  rrent  extent  on  the  accelerating,  volt*>-e  of  the 
drift  section  (Fig  2),  In  the  absence  of  flow  modulation 

by  injection,  the  power  uf  signal  wave  Tc  varies  periodically 

with  drift  voltare  (curve  1);  this  periodicity  should  be  ascribe 
to  the  interference  of  the  fast  and  slow  space  charge  waves  at  t 
signal  frequency  (ref  14).  Upon  the  introduction  Into  the  flow 
of  the  powerful  ir.lsotiori  wave  (an  injection  power  of  about  2C 
owt  corresrcrds  to  the  curves  in  Tig  2)  the  picture  changes 
radically:"  ir.  the  region  of  low  accelerating  voltages  there 

le  a  clearly  defined  region. of  parametric  amplification  (to  35  d 
of  the  signal  wave  (curve  2);  lr.  the  same  voltage  range  one  also 

obeerves  an  increase  In  the  power  of  the  differential-frequency 
wave  I  (curve  3)»  "be  power  of  the  additive -frequency  wave* 

7X  (cSfve  4),  as  well  as  of  the  injection  wave  harmonic,  could 

be  registered  only  in  the  region  of  relatively  high  aooeleratlnr 
voltages,  despite  the  sufficiently  high  seneitivity  of  the  spset 
ral  analyzers  10*10  watt). 
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2.  The  power  of  waves  of  various  frequencies  (In  relative 
a*  a  function  of  ths  drift  V„_  in-  a  frse  alootron  flow. 

AP» 


Curve  t  correspond a  to  ths  abaanoa  of  lnjsction;  curvaa  2,  3,  * 
oharaoteriae  the  dependence,  respectively,  of  tha  power  of  the 


signal  save  Pe<,  tha  differential -frequency  wave  Pp# and  tha 

additive-fraquency  wavs  P  or.  tha  voltage  V  .  Bean  currant 

|LP  • 

I0  a  650  mioroampa }  t0t  a  2900  me/sec  |  fH#  a  5850  no/aac;  in¬ 


jection  povar  ?H  ^  20  »wt  t 


Studies  of  tha  frequency  eharaotarlatios  of  a  ayataa 
vith  free  electron  drift  shoved  that  paraaetrio  regeneration 
occurs  over  a  vary  vide  range  of  fraquenoiaa  (Fig  3).  This  fact 
aada  it  possible  to  pass  on  to  other  ratios  of  tha  signal  and 
injactlon  frequencies  fR  and  f  ;  in  particular,  phenomena  war 


Figure  3.  Fraquanoy  oharao-  Figure  4.  Relative  effaotlvenaci 
teristio  of  system  with  alee-  of  parsmetrio  wave  regeneration 
tron  drift  in  decimeter  range,  (for  signal)  with  low-frtqutnoy 

(region  I)  and  hlgh-fraquancy 
(region  XXX)  injection. 

Region  XX  —  Injection  filter 
band. 

studied  for  a  signal  fraquanoy  olose  to  the  injection  frequency 
fH.  £  fe.In  thla  01,1  4t  ***  Possiblo  to  investigate  the  oontlr 
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uous  transition  from  ths  ”high-fraquenoyM  injection  regims 
^rH.  V  fCt)  to  the  "lev-frequency"  injection  regime  (f„  ^  f  ) 

In  both,  caoeu,  no  qualitative  change  were  observed  In  the 
ehar&oter  of  rarametrie  regeneration.  This  applies  both  to  tht 
value  of  parametric  amplification  (*ee  ?1*t  a,  vrhloh  shove  the 
dependence  of  the  parametric  pain  of  the  signal  on  injeotion 
frequency  varying  uniformly  la  the  neighborhood  of  the  aianal 
frequency  f  7,  and  th  eomolnation  frequenoy  spectrum  which 

experiences  practically  no  changes  with  th#  traneitlon  from  bljsarh- 
to  low-frequency  infection. 

Let  ue  note  that  each  eleotrical  regime  of  the  experlirec-, 
al  systems  has  a  correspond ins  optimal  infection  pover  at  the 
system  input.  The  dapsnder.oe  of  signal  wave  intensity  on  th# 
input  injection  power  takes  the  form  of  a  series  of  increasire 
maxima. 

2.3.  L'onllrear  Effects  in  /aveguide  Systems  /here  the  Electron 
Plow  is  Associated  ..’ith  a  iletardin?  Line 

In  toe  study  of  waveguide  systems  of  the  indicated  typo 

it  was  established  that  the  presence  of  a  sriral  retarding  lines 
considerably  alters  the  ricture  of  wave  interaction.  The  charac¬ 
ter  of  the  interaction  ia  basically  determined  by  the  accelers— 
tingvoltage  of  the  spiral  ?e{|>.  This  is  illustrated  by  typical 

curvesof  the  relative  signal  wavs  power  and  differential  and 
additive  frequencies  as  a  function  of  the  spiral  voltage  (?lgS). 
In  the  absence  of  modulation  on  the  injection  frequency  there  JUs 
a  picture  typical  for  H/T's  of  the  interaction  of  the  space 
charge  waves  of  the  signal  with  frequenoy  f  in  the  beam  with 

the  signal  wave  in  the  spiral  (curve  1  ).  TTpon  introduction  intoo 
the  electron  beam  (with  the  aid  of  supplementary  3piral  as  in 
Pig  1),  of  inlection  waves  of  frequency  ffr  r*  2fc  there  appjamr 

two  characteristic  maxima  of  signal  wave  regeneration  (curve  <)B 
looated  symmetrically  with  respeot  to  the  region  of  voltaves 
corresponding  to  optimal  R.’T  amplification  (henceforth  we'shalXL 
call  this  voltage  region  the  S/T-interactlor.  region),  On  the 
contrary,  in  the  region  of  T.’T  interaction  the  introduction  of 
injection  leads  to  a  sharp  (up  to  50-db)  suppression  of  the 

signal  wave. 

.  As  in  systems  with  free  electron  flow,  in  spiral  systemne 

there  arises  a  combination  frequency  spectrum  including  the 
differential  and  additive  frequencies  i, curves  3  and  ^'respec¬ 
tively).  It  is  characteristic  that  the  curves  of  the  regenerated 
signal  and  differential  frequency  have  a  similar  character, 
while  the  additive  frequenoy  wave  can  be  distinguished  only  la 
the  R /T-icteractlon  region. 

Parametric  regeneration  in  spiral  systems,  Just  as  in 
systems  with  a  free  eleotron  flow  has  an  extremelv  wide  bandwldBti 
the  band  of  amplified  frequencies  in  ths  decimeter  wavelength 
range  is  about  300  rae/sec  with  amplification  to  20  db.  Each  al®o 
trloal  regime  in  ths  experimental  system  h&e  a  corresponding 
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Injection  mi  power  which  la  optimal  from  tha  standpoint  of 

farametrlc  regeneration;  tha  corraapondlng  dapandanca  has  tha 
era  of  a  number  of  maxima  lnoraaslng  with  tha  power  of  tha 
injeetlon  wave  (fig  6). 


Figure  5.  Power  of  waves  of  various  frequencies  (In  relative 
units)  ns  a  function  of  spiral  voltage  in  system  where  eleotron 
flow  la  associated  with  retarding  eplral  line. 

Curve  \  correspond e  to  the  absence  of  injection,  curves  2,  3,  ar 
4  correspond  to  the  dependence ,  respectively,  of  the  signftl  wave 
differential  wave,  and  additive  wave  P  ,  P  and  P*,  on  the 


voltage  ?cn  .  The 


beam  current  Is  65C  microamps t  f„  *  2900  mo/ 

*  Ar  ;••• 

o  **•  F,o 


see;  fw  *  5650  mo/«eoj  Pu  *  15  i  20  mwt;  ?,  /P 

•  *“♦  v  e 

*  . 


Measurements  in  the  system'  with  the  spiral  11ns  for 
fu  were  carried  out  In  a  conventional  RWT  whose  input 

taeelved  the  signal  and  lnjsotion  with  tbs  sld  of  a  dual  triods 
( the  signal  end  injection  generator*  ware  operated  independently 
([Note:]  'These  measurements  ware  osrried  out  by  7.S.  Tsshtokln) . 
upon  the  introduction  Into  the  RWT  of  an  injection  wave,  the 
phenomena  In  r.he  system  were  substantially  determined  by  the 
spiral  voituga.  In  the  canter  of  tha  RWT-interaetlon  region 
there  waa  a  suppression  of  the  signal  by  injection,  while  with 
spiral  voltages  exceeding  the  FWT-interaetion  potential,  the 
introduction  of  injeotlon  led  to  some  Increase  In  signal  inten¬ 
sity,  Thin  is  illustrated  In  Fig  7  showing  the  intensities  of 
the  weak  signal  of  frequsnoy  fQ.  *9440  mc/seo  at  the  RWT  output 

as  a  function  of  the  power  of  the  Injection  wavs  of  frequsnoy 
fH  a  9520  mc/seo.  The  ourve  parameter  is  the  spiral  voltage: 

curve  1  was  taken  Is  the  potential  of  SWT'  Interaction,  and  ourve 
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2  and  3  In  the  range  of  voltages  higher  than  tha  Indicated  po¬ 
tential.  Let  ua  note  that  Ln  the  range  of  voltages  leas  than 


?lgure  6.  Dependence  of  the  pera 
metric  signal  wave  gain  on  the 
injection  sower  P-.  in  a  system 

.“t, 

where  the  electron  flow  Is  ante¬ 
dated  with  a  spiral  retarding 
line  for  f.,  -  2f_  . 


Fiaura  7.  Dependence  of 
the  transmission  coefficient 
of  flow-spiral  line  system 
on  injection  power  Hy  for 

?.„  f  and  various  spiral 

•la"**  Ci  ♦ 

vol  ages . 

Curve  1  taken  with  «’*? -inter 
uc t ion  voltofle;  curves  2  and 
taken  t.t  higher  voltages. 


H»T-intvr&ctio:i  potential,  one  observed  only  signal  suppress  lor. 
by  injection.  The  stronr  dependence  of  weak  signal  intensity  on 
lnjectl  :u:  power  Illustrated  in  Fig  7  is  the  reason  for  the 
e-.ip«r‘ire2.  os  i  l.y -observed  c  roes -module  cion  phenomenon.  This  pheno¬ 
menon’,  cons  luting  ln  the  transfer  of  moduia  tlon  from  the  injec¬ 
tion  wave  to  the  signal  wave,  car.  be  cf  some  Interest  from  the 
stadpo  let  of  ’-•cth  modulation  transference  and  the  possibility 
of  creating  n  modulation  amjllfler. 

#'d,  Flscusdoa 

At  the  present  -cite,  at:  far  as  we  know,  there  is  no 
sufficiently  complete  theory  of  parametric  wave  interaction  In 
non! laser  waveguide  ays  tame  *  [’.hi t* :  ]  Refs  !2  and  13  are  of  some 
Interest  In  this  connection).  In  the  selection  of  experimental 
svstem  parameters  and  In  order  to  obtain  quantitative  concepts 
of  the  character  of  the  per&metrlc  regeneration  process,  aua- 
lvele  fcesed  on  the  consideration  of  the  dispersive  characteris¬ 
tics  of  systems  and  the  general  principles  of  the  theory  of 
parametric  interaction,  ic  waveguide  systems  Is  convenient.  Let 
U3  turn  first  of  all  to  the  consideration  of  experimental  data 
cn  wave  Interaction  in  a  froe  electron  flow. 


Figure  8,  Mepereion  characteristic*  oi  slow  (1 )  and  fast  (2) 
space  charge  wave*  in  free  electros  flow. 

The  synchronism  line  OK  corresponds  to  the  case  of  an  absence  *.• 
delsperion. 

In  the  general  case  in  z  nonlinear  waveguide  system 
such  as  the  electron  flow,  upon  the  Interaction  of  the  signal 
wave  of  frequency  ffl  with  the  injection  wave  of  frequency  fR^ 

there  is  formed  a  spectrum  of  combination  frequencies 


♦  El  f„  , 

—  e . 


(0 


The  intensity  of  the  wave  generated  at  some  cesbinatlo* 
frequency  f  is  substantially  determined  by  the  shift  with  rc.- 

pect  to  the  propagation  constants  f*  between  ’.he  indicated  »av« 
and  the  signal  *ud  Injection  waves 


-  { f/f,  „  )•*„  .. 

ffin  3  e  *  H  e  *  C  •  %  a 


In  a  dispersionless  system  all  the  are  equal  to 

zero;  increasing  waves  do  not  arise.  The  latter  possible  only  i 
a  dispersive  isystem  where  the  energy  e;cohange  is  considerable 
for  a  finite  number  of  vaveE.  I’nder  certain  conditions,  such  a 
eystem  is  an  electron  beam  whose  dispersion  characteristics  ar< 
river,  by  the  equation 

(Mf)  *  (?irf/u0)(1  i  K^/Sirf),  (3) 

vhere  the  signs  r,jt”  oorrasrond  to  tne  slow  and  fast  space  char, 
waves  at  the  frequency  f;  is  the  reduced  plaama  frequency 

for  a  finite  crone-sac tion  beam;  u{.  Is  the  eleotron  veloolty. 

Schematically,  the  dispersive  characteristics  (3)  are  shown  It 
Fig  8,  where  we  likewise  see  the  shifts  (2)  for  the  additive 
frequencies  and  injeotlon  harmonic. 


*  I 
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The  Indicated  shifts  [see  note]  Increase  with  rising 
frequency;  as  a  result  of  this,  only  a  finite  number  of  wave* 
•practically  take  part  In  the  electron  flow  in  the  process  of 
parametric  Interaction.  ([ '  ote:]  P.aeults  of  a  precise  calcula¬ 
tion  lead  to  «  sveterr.  of  equations  for  the  amplitudes  of  waves 
and  phases  <j>^ 

dVj/dz  a  aivY;kpin 4k  4  aiVi7k8ln^J  4  •••» 

d  $j/it  =  L1  +  a^V/V  000  ♦  •••» 

where  are  constant  coefficients;  ^  -  Ap^j  Af-- 

A^,.,  are  the  shifts  of  the  injection  and  the  k-th  and  1-th 

combination  frequencies,  respectively,  relative  to  the  synchroni 
line.  For  this  reason,  strictly  Bpeaklr.it,  the  ir.teneltv  of  pene¬ 
tration  of  a  certain  combination  wave  19  determined  by  the  shift 
L  i(  and  not  (2).  '■'owever,  the  character  of  variation  of 

the  shift  £>  ^  in  the  system  parameter  function  is  the  same  as 

that,  of  A£rn,  so  that  the  more  convenient  shift3  <& (i raa  we.-e  use 

for  qualitative  evaluations}. 

From  expression  (7)  and  ?ig  8  tre  see  trial  the  dispersion 
of  space  charge  vmvea  In  the  beam  Is  substantially  determined 
by  the  acceleratin'  voltage  of  the  electron  drift  section;  in 
particular,  the  dispersion  increases  with  the  reduction  of  the 
indicated  volt?. me.  There  is  a  correspond iny  decrease  In  the  num¬ 
ber  of  combination  waves  effectively  participating  in  interactic 
with  signal  an;  iujeotion  waves,  while  the  effectiveness  of  the 
parametric  regeneration  of  the  signal  wave  Increases.  ;lth 
very  3mall  drift  potentials,  the  shift  In  si-m&l  ar.d  injection 
wavs  phase  velocities  begins  mo  play  a  significant  role;  here 
we  can  likewise  have  the  effeoi  of  potential  earn  In  the  team 
[see  ref  ’r)  which  leads  to  signal  cutcff. 

[he  indicated  factors  lead  to  some  optimal  voltace  of 
the  drift  section  from  the  standpoint  of  parametric  regeneration 

P, ,  56 

?lrure  •?.  Dependence  of  parametric 
signal.  wave  /tain  on  drift  voltage 
in  free  electron  flow, 
t  —  experimental  curve;  1  —  theo¬ 
retical  curve  calculated  taklnm  lntc 
account  only  the  signal  *-w.-0  3  and 
differential  frequency. 


typ  i  ^ *  w  tti 
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The  fall  In  signal  ware  intensity  with  increasing  drift 
voltage  can  be  explained  both  by  the  reduction  of  beam  dispersion 
and  the  related  increasing  effect  of  waves  of  higher  combination 
frequencies  and  the  reduotion  of  effeotive  beaa  length.  The  effec 
of  the  latter  can  be  evaluated  from  the  signal  aapllflcatlon 
formula  (ref  9)  which  takes  Into  aocount  only  the  signal  and 
differential  frequency  wave* 

0  a  41 mN^  (4) 

(a  le  the  modulation  coefficient;  is  the  number  of  plaeaa 

wavelengths  over  the  length  of  the  drift  section).  In  Fig  9, 
curve  2  Is  calculated.  In  accordance  with  (4),  with  a  *  0.7. 

In  actuality,  the  drop  in  signal  Intensity  with  increasing  vol¬ 
tage  can  occur  aueh  faster  (curve  1),  and  this  can  be  explained 
by  the  Interaction  sfslgnai  waves  mfcd  lftjeetion  waves  with 
waves  at  the  higher  (additive,  et  ml.)  combination  frequencies. 

Is  shown  in  calculations,  to  explain  the  period io  depen¬ 
dence  of  signal  power  on  the  injection  wsve  power  (Fig  6),  as 
well  as  phenomena  with  low-frequency  injection,  it  is  necessary 
to  take  in  a  considerable  number  of  ooablnatlon  frequencies 
(eee  footnote  above).  The  Indicated  periodicity  can  be  explained 
by  the  transformation  ef  the  signal  wave  and  dlfferentlal-frequer 
C y  wave  energy  into  the  energy  of  additive-frequency  wave  energy, 
and  vice-versa,  for  example  (rtf  8). 

The  lov-frequenoy  Injection  system  in  the  investigated 
veak -dispersion  systems  doss  not  differ  in  prinolple  from  the 
regime. of  high-frequency  injection;  the  initial  equations  (eee 
footnote  above)  la  both  oases  differ  only  in -the  conditions  at 
the  system  input.  Here  the  frequency  speotra  of  waves  taking 
part  la  the  interaction  are  wholly  equivalent.  As  shown  by 
quail  ;ative  calculations  for  the  electron  flow  model  in  the  form 
of  *r.  equivalent  transmission  line,  an  exponential  rise  in  the 
wave  amplitudes  in  the  case  of  hlgh-frequenoy  injeotion  (f„  ~ 

~  2f„  )  is  possible  upon  the  inclusion  cf  the  differential  * 

frequency  wave  only,  while  in  the  case  of  lov-frequenoy  injeotlc> 
it  is  necessary  to  take  into  acoount  waves  with  the  additive  and 
the  two  differential  frequencies.  Apparently,  In  the  latter  case 
the  l*<r-f  requeue  y  injection  of  frequency  fTj  <  f  plays  the 

role  of  high-frequency  injection  with  respect  to  the  differentia 
frequency  f_  a  f„  -  f  tc  have  an  increase  in  the  wave  ampli- 

P  •  lie  C  a 

rude  at  the  frequency  f_  it  is  neooasary  for  the  wave  with  the 

P  • 

second  differential  frequency  f,,  -  f  to  be  present.  Hers  the 

signal  frequency  turns  out  to  be  an  Equivalent  "additive''  frequs? 
cy. 

It  should  be  pointed  out  that  in  the  oase  of  lcw-frequtnc 
Injection  a  definite  role  can  be  played  by  paremetrlo  rsgsneratlc 
processes  at  the  higher  parametric  resonanoe  frequencies  (f..  **  f 
£,.  ~  0.5f„  )•  However,  the  threshold  flow  modulation  co-  n# 

efficient  at  the  injection  frequency  rises  considerably, 
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The  fall  In  signal  ware  intensity  with  increasing  drift 
volt ago  can  be  explained  both  by  the  redaction  of  baas  diaperalon 
and  the  related  In© resting  effect  of  ware a  of  higher  combination 
frequencies  and  the  reduction  of  effective  beam  length.  The  affec 
of  the  latter  can  be  evaluated  from  the  aignal  amplification 
formula  (ref  9)  which  takes  into  aooount  only  the  aignal  and 
differential  frequency  waves 

0  a  4lmNq  (4) 

(a  is  the  modulation  coefficient;  N  is  the  number  of  plasma 

wavelengths  over  the  length  of  the  drift  section).  In  Pig  9, 
curve  2  Is  calculated,  in  accordance  with  (4),  with  m  *  0.?. 

In  actuality,  the  drop  in  aignal  intenaity  with  lncrtaalng  vol¬ 
tage  can  ooeur  much  faater  (curve  1  ),  and  this  can  be  explained 
by  the  interaction  sf  signal  waves  mtd  ifcjaetion  waves  with 
wavas  at  the  higher  (additive,  at  al.)  combination  frequencies. 

is  shown  in  oaloulatlona,  to  explain  the  periodic  depen¬ 
dence  of  signal  power  on  the  injection  wave  power  (Pig  6),  as 
well  as  phenomena  with  low-frequency  injection,  it  la  naceasary 
to  take  in  a  considerable  number  of  oomblnatlon  frequencies 
(eee  footnote  above).  The  indicated  perlodlelty  oan  be  explained 
by  the  trace format ion  of  the  aignal  wave  and  dlfferential-fraquar 
C y  wave  energy  into  the  energy  of  additive -frequency  wave  energy, 
and  vlce-7ersa(  for  example  (rtf  6). 

The  low-frequenoy  injection  system  in  the  investigated 
week -diapers ion  systems  does  not  differ  in  prinoiple  from  the 
regime  of  nigh-frequenoy  injection;  the  initial  equations  (sea 
footnote  above)  In  both  oases (differ  only  in  .the  conditions  at 
the  system  input.  Fere  the  frequency  apeotra  of  waves  taking 
part  la  the  interaction  are  whclly  equivalent.  Is  shown  by 
quail  ;atlve  calculations  for  the  alaotron  flow  nodal  in  the  form 
of  an  equivalent  transmission  line,  an  exponential  rise  In  the 
wave  amplitudes  in  the  oaae  of  high-frequeney  injection  (fH  ~ 

5i  2f  )  is  possible  upon  the  inclusion  of  the  differential  * 

frequency  wave  only,  while  in  the  case  of  low-frequenoy  injeotle; 
it  is  necessary  tc  taka  into  aooount  waves  with  the  additive  and 
the  two  differential  frequencies.  Apparently,  in  the  latter  oame 
the  low-frequency  injection  of  frequency  fw  <  f^  plays  the 

role  of  high-frequeney  injection  with  reepect  to  the  differently,: 
frequency  f_  s  fB  -  f„  ;  tc  have  an  Increase  in  the  wavs  ampll* 

tude  at  the  frequency  f  it  is  nsoessary  for  the  wave  with  the 

P  • 

second  differential  frequency  f^  -  f  to  be  present.  Hers  the 

signal  frequency  turns  out  to  be  an  tqulvmlant  "additive"  frequs? 
cy. 

It  should  be  pointed  out  that  in  the  oaaa  of  low-frequanc 
injection  a  definite  role  oan  be  played  by  parametric  regeneratlc 
processes  at  the  higher  parametric  resonance  frequencies  (f„  v  i 
f n  0.5f„  ).  However,  ths  threshold  flow  modulation  co-  1  * 

efficient  at  the  injection  frequency  rises  considerably. 


11 


The  character  of  the  nonlinearity  of  the  waveguide  ays* 
tea  1b  considerably  complicated  If  the  electron  flow  permeates 
the  aptr&l  retarding  system.  L  considerable  role. can  be  played 
by  the  energy  exohange  between  the  electron  flow  and  the  high- 
frequency  fields  of  the  epiral.  Thus,  the  powerful  injection 
wave  can  bring  the  It WT  into  a  radically  nonlinear  regime  (with 
an  accelerating  voltage  which  ie  optimal  for  amplification). 

Aa  a  result  of  this,  there  ie  a  disruption  of  tha  synchronism 
between  the  slow  waves  in  the  beam  and  the  spiral  waves;  the 
epiral  potential  optimal  fer  amplification  rises,  and  the  in¬ 
tensity  of  combination  frequency  generation  increases  substan¬ 
tially.  The  above  facts  lead  to  a  sharp*  suppression  of  tha 
signs!  upon  the  introduction  of  a  powerful  injection  wave 
(Fig  6).  ' 

The  wave  synchronism  in  the  flow  and  spiral  ie  reestab¬ 
lished  upon  ocme  increase  of  the  accelerating  voltage;  this 
foot  may  be  one  of  the  eauee3  of  the  appearance  of  a  right-hand 
mevimun  of  parametric  regeneration  (Fig  5). 

Cu  the  other  hand,  a  definite  role  may  be  played  by  the 
in  teraction  of  space-  charge  signal  and  Injection  waves  in  the 
team  itself  and  the  Interaction  of  the  powerful  Injection  wavs 
lr.  the  beam  with  the  signal  wave  in  the  spiral.  The  latter 
mr.ohanlsm  apparently  predominates  in  the  parametric  regeneration 
region  of  the*  wave  in  the  epiral  by  the  fast  wave  of  the  injectif. 
space  charge. 

The  relatively  weak  dispersion  of  the  beac-spiral  sys¬ 
tem  is  the  o&n&e  of  the  band  breadth  of  the  system.  The  banc 
of  amplified  freouencies  cf  the  signal  is  about  *0%  with  a 
pnran-'-. trie  amplification  of  up  to  20  db.  The  interaction  of  the 
injection  and  signal  waves  with  higher-frequency  combination 
waves  lead^  to  a  periodic  dependence  of  the  intensity  of  the 
i (-generated  r-lgnal  wave  on  the  power  of  the  injection  wave. 

It  In  neoessary  to  note  that  the  described  experimental 
Eyotc-ms  re  made  up  of  KtfT  amplifiers  whose  operating  point 
was  or:  the  downward  portion  of  the  epiral  dispersion  characteris¬ 
tic,  while  the  relatively  high  acceleration  voltage  in  tha  spiral 
optimal,  for  amplification  assured  low  bean  dispersion.  The  ia- 
creaatag  of  the  dispersion  of  such  a  system  is  advisable  in  view 
cf  the  possibility  of  cutting  off  the  undesirable  combination 
frequencies. 

poncluslon 

Tha  results  of  the  above  study  indicate  the  possibility 
of  obtaining  varied  nonlinear  effects  in  waveguide  systems  with 
long  electron  flows  (parametric  amplification  with  low-  and  high 
freoue&cy  injection,  suppression,  croes-mcdulatioc,  limiting,  etc 
'An  especially  significant  effect  on  the  character  of  the  iudioatt 
phenomena  Is  exerted  bjr  the  dispersive  properltes  of  the  Bvstea. 
II  should  bo  emphasized  that  in  a  system  of  the  type  described, 
wave  interaction  is  as  a  rule  associated  with  the  generation  of 
a  wide  combination-frequency  epeotrum. 
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Many  of  the  ef foots  oo»eidef»«3  oan  be  explained  on  the 
basis  of  an  analysis  of  the  dlspersir*  oharaoterietioe  of  eye  tea 
and  general  assuaptlons  of  tbs  tb*o#f  ww  interaction la 
nonlinear  wav  e-sy§  teas  eneonpasslng »  largs  Dunbar  of  ooablnatlo) 
frequencies.  » 

A  number  of  observed  pbsnosaw*  «*».  la  our  view,  be  of 
soot  practical  interest  and  require*  experimental  ana 

theoretical  investigation.  ..  .  _ 

The  authors  take  this  opp©r'<'**lfcJr  **  heri!L«.. 

sinosrs  appreciation  to  D.K.  Alculin)  •«  W*  *  ST-rSf-iIzSI 
assistance  in  carrying  out  tbs  prss^^  study  and  tor  valuable 

disouaeion. 
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